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EPRWe identiﬁed a spontaneously generated mutant from Synechocystis sp. PCC6803 wild-type cells grown in
BG-11 agar plates containing 5 mM Glu and 10 μM DCMU. This mutant carries an R7L mutation on the α-
subunit of cyt b559 in photosystem II (PSII). In the recent 2.9 Å PSII crystal structural model, the side chain of
this arginine residue is in close contact with the heme propionates of cyt b559. We called this mutant WR7Lα
cyt b559. This mutant grew at about the same rate as wild-type cells under photoautotrophical conditions
but grew faster than wild-type cells under photoheterotrophical conditions. In addition, 77 K ﬂuorescence
and 295 K chlorophyll a ﬂuorescence spectral results indicated that the energy delivery from phycobilisomes
to PSII reaction centers was partially inhibited or uncoupled in this mutant. Moreover, WR7Lα cyt b559
mutant cells were more susceptible to photoinhibition than wild-type cells under high light conditions.
Furthermore, our EPR results indicated that in a signiﬁcant fraction of mutant reaction centers, the R7Lα cyt
b559mutation induced the displacement of one of the axial histidine ligands to the heme of cyt b559. On the
basis of these results, we propose that the Arg7Leu mutation on the α-subunit of cyt b559 alters the
interaction between the APC core complex and PSII reaction centers, which reduces energy delivery from the
antenna to the reaction center and thus protects mutant cells from DCMU-induced photo-oxidative stress.© 2009 Elsevier B.V. All rights reserved.Photosystem II (PSII) is a multisubunit membrane protein complex
in thylakoid membrane that functions as a water-plastoquinone
oxidoreductase [1]. It utilizes light energy to oxidize water on the
lumen side and to reduce plastoquinone on the stromal side of the
thylakoid membrane. The major subunits of the PSII reaction center
include D1, D2, CP43, CP47 and cyt b559 [1–4]. D1 and D2 proteinsine; Chl, chlorophyll a; cyt,
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ll rights reserved.constitute the core of the PSII reaction center. Nearly all redox
cofactors which participate in the electron transfer reactions are
bound to the D1/D2 protein core. CP43 and CP47 proteins bind
chlorophyll molecules and serve as the PSII core antenna. Cytochrome
(Cyt) b559 is comprised of α and β subunits (encoded by the psbE and
psbF genes) of 9 and 4 kDa, respectively [5]. Each subunit provides a
His ligand for the non-covalently bound heme. In addition, cyt b559
exhibits different redox potential forms: a high-potential (HP) form
with a midpoint redox potential around +400 mV, an intermediate-
potential (IP) form around +200–250 mV, and a low-potential (LP)
form with a midpoint redox potential of about +50–100 mV ([5–9]
and references therein). It has been proposed that the heme of cyt
b559 participates in a secondary electron transfer pathway that
protects PSII from light-induced damage under photoinhibitory
conditions ([5,10,11] and references therein) or functions as a PQ
oxidase to keep the PQ pool oxidized [12–14]. Moreover, a novel
quinone-binding site (Qc) interacting with cyt b559 in the PSII
complex was proposed in recent studies [15,16] and was later
identiﬁed in the new 2.9 Å PSII crystal structure [4]. The occupancy
1180 Y.-F. Chiu et al. / Biochimica et Biophysica Acta 1787 (2009) 1179–1188of this Qc site may modulate the redox equilibration between cyt b559
and the PQ pool [15,16].
DCMU is an herbicide which binds to the QB-binding site in the PSII
and thus inhibits forward electron transfer [17]. When the herbicide
binding inhibits forward electron transfer, charge recombination can
occur between P680+Pheo radical pairs in the PSII reaction center and
may result in formation of a chlorophyll triplet. This chlorophyll triplet
is able to react with 3O2, leading to singlet oxygen (1O2) formation
[17–20]. 1O2 can react with proteins, pigments and lipids and cause
light-induced damage to PSII. In fact, previous studies suggest that the
death of cells and of the plant might not be a result of starvation, but
rather, due to herbicide-induced toxicity [18–20].
Synechocystis sp. PCC6803 is a unicellular non-nitrogen-ﬁxing
cyanobacterium. This strain has been used extensively for genetic
studies of photosynthesis because it can grow photoheterotrophically
on glucose and it is naturally transformable by exogenous DNA [21].
Previous studies have identiﬁed several spontaneously generated
mutants from Synechocystis sp. PCC6803 cell grown photoautotrophi-
cally on solid BG-11 medium containing DCMU or other herbicides
[22–24]. The amino acid side chains involved in herbicide resistance
(herbicide binding) have been mapped in the region of D1 protein
between 211 and 275 [22,23]. On the other hand, photoheterotrophi-
cal growth conditions (BG-11 medium containing 5 mM Glu and
10 μM DCMU) are often used for growing Synechocystis mutant cells
with impaired photosynthetic activity, to prevent mutant cells from
reverting back to wild-type cells. However, so far there has been no
report on the effect of DCMU-induced photo-oxidative stress on Sy-
nechocystis sp. PCC6803 cells grown under photoheterotrophical
conditions.
Here we identify and characterize one spontaneously-occurring
mutant from Synechocystis sp. PCC6803 wild-type⁎ cells, grown in BG-
11 agar plates containing 5 mM Glu and 10 μM DCMU.
1. Materials and methods
1.1. Growth and preparation of Synechocystis sp. PCC6803 cells
Synechocystis cells were propagated in BG-11 medium alone for
photoautotrophical growth conditions or in BG-11 medium supple-
mented with 5 mM glucose and 10 μM DCMU for photoheterotrophi-
cal growth conditions. Cultures were propagated at 30 °C under a light
intensity of 25–30 μmol photons m−2 s−1 and were continuously
bubbled with sterile, humidiﬁed air.
1.2. Construction of R7Lα cyt b559 mutants
The R7Lα mutation was introduced into the plasmid PAC559EMR
by oligonucleotide-derived mutagenesis according to reference [25].
The R7Lα cyt b559 mutant was constructed by transformation of the
mutant plasmid into the host strain (ΔpsbEFLJ) [25]. Mutants were
selected on solid media containing the antibiotic Em (0.1 μg/mL)
until their mutated gene was completely segregated. Complete
segregation of the mutated gene in these mutant cells was veriﬁed
by PCR [25].
1.3. Measurement of photosynthetic oxygen-evolution
Concentrated cells were diluted into growth medium held at 25 °C
in a stirred, water-jacketed cell. Two millimolar potassium ferricya-
nide and 2 mM 2,6-dichloro-p-benzoquinone (DCBQ) were added to
the medium immediately prior to the addition of the cells. Steady-
state rates of oxygen-evolution were measured with a Clark-type
oxygen electrode (YSI model 5331 oxygen probe) ﬁtted with a water-
jacketed cell. Saturating illumination was provided from both sides of
the water-jacketed cell by two ﬁber-optic illuminators (Dolan-Jenner
model MI 150).1.4. Measurement of chlorophyll a ﬂuorescence at 295 K
Chlorophyll a ﬂuorescence measurements at 295 K were per-
formed with a Dual PAM (pulse-amplitude-modulation) ﬂuorometer
(Walz, Germany). The relative PSII content of cells on a chlorophyll
basis was estimated from the total yield of variable chlorophyll a
ﬂuorescence (Fmax−F0) measured in the presence of DCMU and
hydroxylamine, according to the references [25–27]. Experimental
conditions for measurements of ﬂuorescence induction and recovery,
the kinetics of charge recombination between QA− and PSII electron
donors, and electron transfer fromQA− to QB in response to a saturating
ﬂash given to wild-type and mutant cells are described in the ﬁgure
legends.
1.5. Measurement of ﬂuorescence at 77 K
Fluorescence emission spectra were recorded with a ﬂuorescence
spectrometer (Jasco model FP-6500). All the measurements were
carried out at 77 K, using cell suspensions at a chlorophyll
concentration of 20 μg/ml. The excitation light wavelength used for
exciting chlorophyll was 435 nm (excitation band width 5 nm,
emission band width 1 nm). The excitation light wavelength used for
phycobilisomes was 600 nm (excitation band width 3 nm, emission
band width 1 nm).
1.6. Preparations of His-tagged PSII core complexes
Oxygen-evolving His-tagged PSII core complexes were isolated by
Ni-NTA afﬁnity chromatography from wild-type WR7Lα and R7Lα
mutant cells, which contain a His-tag on their CP47 proteins, as
described in the reference [25]. The oxygen activity for wild-type
WR7Lα and R7Lα mutant PSII core complexes was about 2100, 1770,
and 980 μmol of O2/mg of Chl per hour, respectively. Tris-washed
samples were prepared, in accordance with the references cited [25].
1.7. Reduced minus oxidized difference spectra of cyt b559 in wild-type
and mutant PSII core complexes
Optical absorption difference measurements were performed on
suspensions of wild-type⁎ and mutant PSII core complexes (20 μg/ml
Chl) in 1 ml MMNB buffer (25mMMes, 5 mMMgCl2, 10 mMNaCl, 1 M
glycine betaine, 0.03% DM, pH 5.7) at room temperature, on a Jasco V-
560 UV/VIS spectrophotometer with band width of 1.0 nm. Four-step
redox titration was performed, as described in the reference [14]. The
sample suspensionwas oxidized by adding 0.1 mM K3Fe(CN)6 (from a
freshmade 10mM stock solution) and the spectrumwas recorded and
stored as the oxidized spectrum. The reductionwas performed by ﬁrst
adding hydroquinone (0.3 mM), followed by ascorbate (0.6 mM) and,
ﬁnally, a few grains of dithionite.
1.8. Conditions for EPR measurements
EPR spectra were obtained at X-band using a Bruker EMX
spectrometer equipped with a Bruker TE102 cavity and an Advanced
Research System continuous-ﬂow cryostat (3.2 K–200 K). The
microwave frequency was measured with a Hewlett-Packard 5246L
electronic counter. The instrument settings are shown in the ﬁgure
legend.
2. Results
2.1. Identiﬁcation of a spontaneously generated Synechocystis sp.
PCC6803 mutant
We identiﬁed one spontaneously generated mutant from Syne-
chocystis sp. PCC6803 wild-type⁎ cells grown in BG-11 medium
Fig.1. Time-dependent ﬂash-induced transients of ﬂuorescence yield of wild-type (blue
trace) and WR7Lα cyt b559 mutant cells (red trace) in the presence and absence of
actinic light. Conditions: 20 μg of Chl in 2 mL of BG11 medium at 295 K. Samples were
incubated in darkness for 5 min. The intensity of the actinic light is about 38 μmol
photons m−2 s−1.
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30 μmol photons m−2 s−1. We sequenced the entire coding regions of
PsbA (encodes D1 protein), PsbD (encodes D2), PsbB (encodes CP47),
PsbC (encodes CP43) and PsbEFLJ genes (encode cyt b559α and β,
PsbL and PsbJ proteins) of this mutant. We found that this mutant
carried an Arg to Leumutation on the 7th amino acid residue of theα-
subunit of cyt b559. In addition, we also found that this mutated gene
was completely segregated in the genomes of mutant cells. We call
this mutant WR7Lα cytb559. To conﬁrm that the R7L mutation on the
α subunit of cyt b559 is responsible for the phenotypes that we
observed in theWR7Lαmutant, we also constructed an R7Lα cyt b559
mutant by site-directed mutagenesis.
2.2. Oxygen-evolution activity, PSII contents and growth characteristics
of mutant cells
The light-saturated oxygen-evolution activity and PSII contents of
the mutant strains are listed in Table 1. The oxygen-evolving rates of
WR7Lα and R7Lα cyt b559 mutant cells were both about 70%
compared to that of wild-type cells. The PSII content of WR7Lα and
R7Lα cyt b559 mutant cells were 90±6% and 84±2%, respectively,
compared to wild-type cells. In addition, WR7Lα cyt b559 mutant
cells grew at about the same rate as wild-type cells under
photoautotrophical conditions (in BG-11 medium). In contrast,
WR7Lα cyt b559 mutant cells grew faster than wild-type cells under
photoheterotrophical conditions (in BG-11 medium containing 5 mM
Glu and 10 μM DCMU). The doubling time of WR7Lα and R7Lα cyt
b559 mutant and wild-type cells under these photoheterotrophical
growth conditions were about 16.9, 18.2, and 22.0 h, respectively (see
Table 1).
2.3. PSII ﬂuorescence yield in the presence and absence of actinic light
WR7Lα cyt b559 mutant cells showed very distinct time-
dependent, ﬂash-induced transients of ﬂuorescence yield in the
presence and absence of actinic light compared to wild-type cells
(see Fig. 1). The F0 (∼0.19) is higher and the FV/FM,dark value (∼0.30) is
lower in the spectrum of WR7Lα cyt b559 mutant cells (red trace)
than the F0 (∼0.11) and FV/FM,dark value (∼0.41) in the spectrum of
wild-type cells (blue trace). In addition, the maximum ﬂuorescence
(FM) in WR7Lα cyt b559 mutant cells was signiﬁcantly increased
during actinic light illumination and then decreased while the actinic
light was turned off. In contrast, the FM value in wild-type cells was
almost constant before, during and after the actinic light illumination.
The high F0 value and the increase of the FM value during actinic light
illumination could be due to increased ﬂuorescence emission from
uncoupled phycobilisomes in WR7Lα cyt b559 mutant cells. Further-
more, in WR7Lα cyt b559 mutant cells (Fig. 1, red trace), the FV/FM
value (down to ∼0.18) after actinic light illumination is signiﬁcantly
lower than the FV/FM,dark values (∼0.30). In contrast, inwild-type cells
(Fig. 1, blue trace), the FV/FM value after actinic light illumination is
about the same as the FV/FM,dark value (∼0.41). These results suggest
that WR7Lα cyt b559mutant cells suffer from photoinhibition during
actinic light illumination.Table 1
Summary of properties of cyt b559 mutant cells.
Strains O2 evolution
(% wild-type)
PSII content
(% of wild-type)
Doubling time for
photoheterotrophic
growth (hours)
Wild-type 100±7 100±5 22.0±1.0
WR7Lα 70±5 90±6 16.9±0.3
R7Lα 69±13 84±2 18.2±0.1
Experimental conditions are described in materials and methods. The average O2
evolution rate of wild-type cells was 440±87 μmol O2/mg Chl×hour. The average
variable ﬂuorescence yield of wild-type cells was 0.39±0.06.2.4. Measurement of chlorophyll a ﬂuorescence at 295 K
Fig. 2 shows the induction and decay of chlorophyll a ﬂuorescence
in response to a saturating ﬂash delivered to wild-type, WR7Lα and
R7Lα cyt b559mutant cells in the presence of 40 μMDCMU. The decay
of chlorophyll a ﬂuorescence in the presence of DCMU is duemostly to
the charge recombination between QA− and PSII electron donors. The
kinetics of charge recombination between QA− and PSII electron
donors is sensitive to the presence or absence of photooxidizable Mn
ions and the redox potential of QA− in PSII [26,28]. BecauseWR7Lα and
R7Lα cyt b559mutant cells show very similar kinetics of chlorophyll a
ﬂuorescence decay to that in wild-type cells, our results suggest that
the Mn cluster and QA were intact in WR7Lα and R7Lα cyt b559
mutant cells. Furthermore, the ﬂash-induced yields of variable
chlorophyll a ﬂuorescence in WR7Lα and R7Lα were about 1.1 foldFig. 2. The kinetics of charge recombination between QA− and PSII electron donors in
response to a saturating ﬂash given to wild-type (blue trace), WR7Lα (red trace) and
R7Lα cyt b559 mutant cells (green trace) in the presence of DCMU, by chlorophyll a
ﬂuorescence measurement. Conditions: 20 μg of Chl in 1 mL of BG-11 medium. Samples
were incubated in darkness for 1min before DCMUwas added to the ﬁnal concentration
of 40 μM. The Feq value for wild-type (blue trace), WR7Lα (red trace) and R7Lα cyt
b559 mutant cells (green trace) is 0.13, 0.20, and 0.20, respectively.
Fig. 4. Effects of photoinhibition on PSII activity (oxygen-evolution) of wild-type (black
trace), WR7Lα (red trace) and R7Lα cyt b559 mutant cells (green trace) under high
light conditions. Cells were incubated in BG-11 medium (20 mg of Chl/ml) at
∼2500 μmole photons m−2 s−1. The oxygen-evolution activity of wild-type (black
trace), WR7Lα cyt (red trace) and R7Lα cyt b559 mutant cells (green trace) at time 0
were 477±46, 354±44, and 371±72, respectively.
1182 Y.-F. Chiu et al. / Biochimica et Biophysica Acta 1787 (2009) 1179–1188lower than that of wild-type⁎ cells (see Fig. 1). These slightly lowered
yields in the mutant cells were roughly correlated with their lower
PSII contents compared to wild-type cells (Table 1). Fig. 3 shows the
induction and decay of QA− in response to a saturating ﬂash in the
absence of DCMU. Fluorescence decay in the absence of DCMU is due
mostly to forward electron transfer from QA− to QB and QB−. Our results
show that the electron transfer rate from QA− to QB and QB− in WR7Lα
and R7Lα cyt b559 mutant cells is slightly slower than in wild-type
cells.
2.5. Susceptibility to photoinhibition
Fig. 4 shows effects of photoinhibition on the PSII activity of wild-
type, WR7Lα and R7Lα cyt b559 mutant cells. Our results show that
the PSII activities inWR7Lα and R7Lα cyt b559mutant cells decreased
much faster than in wild-type cells under high light conditions.
Therefore, WR7Lα and R7Lα cyt b559 mutant cells were more
susceptible to photoinhibition than wild-type cells under high light
conditions.
2.6. Redox-induced optical absorption difference spectra of the cyt b559
heme
To facilitate the isolation of PSII core complexes, we constructed
WR7Lα and R7Lα cyt b559 mutant strain that contains a hexahisti-
dine-tag (His-tag) fused to the C-terminus of CP47 [25]. The
dithionite-reduced minus ferricyanide-oxidized difference spectra of
the cyt b559 heme in His-tagged PSII core complexes isolated from
this WR7Lα cyt b559 mutant strain are shown in Fig. 5. WR7Lα cyt
b559 mutant PSII core complexes (black trace) gave rise to
dithionite-reduced minus ferricyanide-oxidized difference spectra
that can be attributed to redox-induced absorption changes of cyt
b559 and cyt c550. On the other hand, difference spectra from Tris-
washedWR7Lα cyt b559 PSII core complexes (green trace) [that were
depleted of Mn ions and extrinsic polypeptides, including cyt c550]
showed the maximum absorption at around 559.5 nm, attributable to
redox-induced absorption changes in cyt b559. In addition, our results
indicated that the amplitude of the absorption of cyt b559 in WR7Lα
mutant PSII core complexes was about 80% of that in wild-type PSII
core complexes (see reference [25]). The decrease of the cyt b559
content in WR7Lα mutant PSII core complexes is correlated with theFig. 3. The kinetics of electron transfer from QA− to QB and QB− in response to a saturating
ﬂash given to wild-type (blue trace), WR7Lα (red trace) and R7Lα cyt b559 mutant
cells (green trace), by chlorophyll a ﬂuorescence measurement. Conditions: 20 μg of Chl
in 1 mL of BG-11 medium. Samples were incubated in darkness for 1 min. The F0 value
for wild-type (blue trace), WR7Lα (red trace) and R7Lα cyt b559 mutant cells (green
trace) is 0.11, 0.19, and 0.19, respectively.decrease of the PSII content in WR7Lα mutant cells (see Table 1). On
the basis of these results, we conclude that WR7Lα mutant PSII core
complexes retain the heme of cyt b559. Furthermore, our results also
showed that Tris-washed WR7Lα cyt b559 mutant PSII core
complexes did not signiﬁcantly modify the maximum absorption of
cyt b559 (in Fig. 5, green trace).
2.7. Effect of DCMU concentrations on the oxygen-evolving activity
Fig. 6 shows the effect of the DCMU concentration on the oxygen-
evolving activity of wild-type, WR7Lα and R7Lα cyt b559 mutant
cells. Our results showed that the DCMU concentration had the same
inhibitory effect on oxygen-evolving activity of wild-type, WR7Lα and
R7Lα cyt b559 mutant cells. In addition, the concentration of DCMUFig. 5. The dithionite-reduced minus ferricyanide-oxidized difference spectra of cyt
b559 heme in WR7Lα cyt b559 mutant PSII core complexes. Spectra of untreated and
Tris-washed (TW) WR7Lα cyt b559mutant PSII core complexes are in black and green,
respectively. The measurement was performed at room temperature. A linear baseline
correction has been applied to each difference spectrum that consists of a straight line
connecting the spectral values at 540 and 580 nm.
Fig. 6. Effects of DCMU concentration on the oxygen-evolving activity of wild-type
(black trace), WR7Lα (red trace) and R7Lα cyt b559 mutant cells (green trace). The
oxygen-evolving activity of wild-type (black trace), WR7Lα (red trace) and R7Lα cyt
b559 mutant cells (green trace) in the absence of DCMU were 440±16, 328±53 and
314±35, respectively.
Fig. 7. 77 K-ﬂuorescence emission spectra from wild-type (blue trace) and WR7Lα cyt
b559 mutant cells (red trace) grown under photoherterotrophical conditions. (A)
excited phycoblisomes at 600 nm (excitation bandwidth 3 nm; emission bandwidth
1 nm; spectra were normalized at 660 nm) and (B) excited chlorophyll at 435 nm
(excitation bandwidth 5 nm; emission bandwidth 1 nm; spectra were normalized at
720 nm). All measurements were carried out at 77 K, using cell suspensions at a
chlorophyll concentration of 20 μg/mL.
1183Y.-F. Chiu et al. / Biochimica et Biophysica Acta 1787 (2009) 1179–1188that produced 50% inhibition of the oxygen-evolving activity was
about the same (∼0.4 μM) for wild-type, WR7Lα and R7Lα cyt b559
mutant cells (see Fig. 6).
2.8. 77 K ﬂuorescence emission spectra
Fig. 7A shows the 77 K ﬂuorescence emission spectra recorded
from cells that were excited at 600 nm, where the phycobilin
pigments preferentially absorb. In spectra of wild-type cells,
ﬂuorescence peaks at ∼660 nm originating from allophycocyanin
and a peak at ∼690 nm originating from photosystem II. In spectra of
WR7Lα cyt b559 mutant cells, a ﬂuorescence peak was present at
∼660 nm but the other peak was strongly enhanced and shifted to
686 nm. The emission peak at ∼686 nm originated from terminal
phycobilin emitters (ApcE) or from CP43 [29–32]. Therefore, the
strong enhancement of emission peaks at 686 nm in WR7Lα cyt
b559 mutant cells indicated that the energy transfer from phycobili-
somes to PSII reaction centers were partially inhibited or uncoupled
in these mutant cells.
Fig. 7B shows the 77 K ﬂuorescence emission spectra recorded
from cells excited at 435 nm, where the chlorophyll molecule
preferentially absorbs. In spectra of wild-type and WR7Lα cyt b559
mutant cells, preferential excitation of chlorophyll at 435 nm resulted
in three emission peaks: at ∼685, ∼694 and ∼720 nm. According to
previous studies, the emission peak at ∼685 nm originate from CP43
or from terminal phycobilin emitters (ApcE) [30–33], whereas the
origin of the emission peak at ∼694 nm seems to originate from CP47
functionally coupled to the PSII reaction center. The emission peak at
∼720 nm originates from Chl a in PSI ([30–33] and references
therein). Therefore, the slightly lower intensity at ∼694 nm in the
WR7Lα cyt b559 mutant spectrum compared to the wild-type
spectrum was correlated with PSII content. In addition, the signiﬁ-
cantly enhanced emission at ∼685 nm in the mutant spectrum can be
attributed to partially uncoupled phycobilisomes in WR7Lα cyt b559
mutant cells. Furthermore, the ratio of the amplitude of PSI peak at
720 nm over the amplitude of PSII peak at 695 nm (about 1.5) in
spectra of wild-type cells under DCMU-inhibited growth conditions
(Fig. 7B, blue trace) is signiﬁcantly lower than the ratio of that (about
2.0) under normal growth condition [25]. Therefore, our results
suggest that the PSI to PSII ratio in wild-type cells is signiﬁcantly
decreased under DCMU-inhibited growth conditions.2.9. Determination of different potential forms of cyt b559 in wild-type
and mutant PSII core complexes
To estimate the potential forms of cyt b559 inwild-type andmutant
PSII core complexes, we measure reduced minus oxidized optical
difference spectra of the cyt b559 heme in (A) wild-type, (B) WR7Lα,
and (C) R7Lα cyt b559 mutant oxygen-evolving PSII core complexes
using four-step titration (ferricyanide→hydroquinone→ascorbate→
dithionite) (Fig. 8). A hydroquinone-reduced minus fericyanide-
oxidized absorption difference spectrum (HF, green trace) was used
to estimate the HP form of cyt b559, and an ascorbate-reduced minus
hydroquinone-oxidized absorption difference spectrum (AH, blue
trace) was used to estimate the IP form of cyt b559. Dithionite-
reduced minus ascorbate-oxidized absorption difference spectrum
(DA, red trace) of cyt b559 contains both the LP form of cyt b559 and
cyt c550. Because cyt c550 does not contribute signiﬁcantly at
559.5 nm of the difference spectrum [7,34], therefore, we used the
amplitude of dithionite-reducedminus ascorbate-oxidized absorption
difference spectra at 559.5 nm to estimate the amount of the LP formof
cyt b559. Our results showed that oxygen-evolving wild-type PSII core
Fig. 8. The reduced minus oxidized difference spectra of cyt b559 heme in oxygen-
evolving (A) wild-type, (B) WR7Lα, and (C) R7Lα cyt b559mutant PSII core complexes.
DA: the dithionite-reduced minus ascorbate-oxidized difference spectrum (red trace);
AH: the ascorbate-reduced minus hydroquinone-oxidized difference spectrum (blue
trace); HF: the hydroquinone-reduced minus ferricyanide-oxidized difference spectra
(green trace). A linear baseline correction has been applied to each difference spectrum
that consists of a straight line connecting the spectral values at 540 and 580 nm.
Table 2
Content of HP, IP, LP forms of cyt b559 (in % of total Cyt b559, ±7%) inwild-type and cyt
b559 mutant PSII core complexes.
Strains PSII
samples
Redox forms
HP IP LP
Wild-type O2 evolving 8% 78% 14%
Tris-washed 11% 59% 30%
WR7Lα O2 evolving 4% 28% 68%
Tris-washed 0% 35% 65%
R7Lα O2 evolving 3% 22% 75%
Tris-washed 8% 29% 63%
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b559. In contrast,WR7Lα (Fig. 8A) and R7Lα cyt b559mutant PSII core
complexes (Fig. 8B) contain more LP form (∼68% and 75%, respec-
tively), less IP form (∼28% and∼22%, respectively) and littleHP formof
cyt b559 (see Table 2). In addition, Fig. 9 shows reduced minus
oxidized optical difference spectra of the cyt b559heme inTris-washed
(A) wild-type, (B) WR7Lα, and (C) R7Lα cyt b559 mutant PSII core
complexes, using the four-step titration. Because Tris-washed wild-
type and mutant PSII core complexes were depleted of Mn ions and
extrinsic polypeptides (including cyt c550), their dithionite-reduced
minus ascorbate-oxidized absorption difference spectra (DA, red
trace) of cyt b559 contain only the LP form of cyt b559. Our results
showed that Tris-washed wild-type PSII core complexes contain 11%
HP form, 59% IP form and 30% LP form of cyt b559 (see Fig. 9A). The
amount of the LP form of cyt b559 in Tris-washed wild-type PSII core
complexes (Fig. 9A) was increased about 15% at the expense of the IP
form compared to spectra of oxygen-evolving wild-type PSII core
complexes (Fig. 8A). In contrast, the amount of the LP form of cyt b559
in Tris-washed,WR7Lα and R7Lα cyt b559mutant PSII core complexes
(Fig. 9B and C) did not show any signiﬁcant change.
2.10. CW-EPR spectra of wild-type and mutant PSII core complexes
Fig. 10 shows CW-EPR spectral characterizations of cyt b559 from
oxygen-evolving (A) wild-type, (B) WR7Lα, and (C) R7Lα cyt b559
mutant PSII core complexes. Wild-type PSII core complexes gave rise
to EPR signals which are characteristic for the low-spin heme of
cytochromes (gz=2.92; gy=2.26) contributed from both cyt b559
and cyt c550. In contrast, WR7Lα and R7Lα cyt b559mutant PSII core
complexes gave rise to EPR signals which are characteristic for both
the low-spin heme of cytochromes (gz=2.93; gy=2.26; from both LP
form of cyt b559 and cyt c550) and also the high-spin heme of cyt
b559 (gz=6.10; gy=5.88) (35). In addition, under 77 K illumination,
wild-type andWR7Lα PSII core complexes (Fig. 10A and B, blue trace)
gave rise to additional EPR signals (gz=3.05; gy=2.17) which were
contributed from photo-oxidization of HP and some IP form of cyt
b559. Fig. 11 shows CW-EPR spectral characterizations of cyt b559
from Tris-washed (A) wild-type, (B) WR7Lα, and (C) R7Lα mutant
PSII core complexes. Tris-washed wild-type PSII core complexes gave
rise to EPR signals which are characteristic for the low-spin heme of
cyt b559 (gz=2.98; gy=2.25). In contrast, Tris-washed WR7Lα and
R7Lα cyt b559 mutant PSII core complexes gave rise to EPR signals
which are characteristic for both the low-spin heme of cyt b559
(gz=2.95; gy=2.26) and the high-spin heme of cyt b559 (gz=6.10;
gy=5.88).
3. Discussion
In this study, we identiﬁed a spontaneously generated WR7Lα cyt
b559 mutant from wild-type cells grown in BG-11 containing 5 mM
Glu and 10 μM DCMU. Our results showed that the oxygen-evolving
activity, PSII content, growth characteristics, 77 K ﬂuorescence and
295 K chlorophyll a ﬂuorescence spectral results, susceptibility to
photoinhibition, and the DCMU effect on the oxygen-evolving activity
Fig. 9. The reduced minus oxidized difference spectra of cyt b559 heme in Tris-washed
(A) wild-type, (B) WR7Lα, and (C) R7Lα cyt b559mutant PSII core complexes. DA: the
dithionite-reduced minus ascorbate-oxidized difference spectrum (red trace); AH: the
ascorbate-reduced minus hydroquinone-oxidized difference spectrum (blue trace); HF:
the hydroquinone-reduced minus ferricyanide-oxidized difference spectra (green
trace). A linear baseline correction has been applied to each difference spectrum that
consists of a straight line connecting the spectral values at 540 and 580 nm.
Fig. 10. The EPR spectra of cyt b559 heme in oxygen-evolving (A)wild-type, (B)WR7Lα,
and (C) R7Lα cyt b559mutant PSII core complexes. Spectra of dark adapted samples and
following 77 K illumination are in black and blue colors, respectively. EPR conditions:
microwave frequency, 9.54 GHz; modulation amplitude, 20 G at 100KHz; temperature,
about 10 K; microwave power, 20 mW.
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directed R7Lα cyt b559 mutant cells. Therefore, we conclude that the
R7Lα cyt b559mutation is responsible for the distinct phenotypes we
observed in WR7Lα cyt b559 mutant cells.
Fig. 11. The EPR spectra of cyt b559 heme in Tris-washed (A) wild-type, (B)WR7Lα, and
(C) R7Lα cyt b559mutant PSII core complexes. EPR conditions are the same as in Fig. 10.
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mutants from Synechocystis sp. PCC6803 cells and Chlamydomonas
grown on solid BG-11 medium containing DCMU or other herbicides
([22–24] and references therein). The amino acid side chains involved
in herbicide resistance have been mapped in the region of D1 protein
between 211 and 275, which constitute the herbicide-binding site[22,23]. In contrast, WR7Lα cyt b559 mutant cells do not carry any
mutation on the D1 protein. In addition, our results in Fig. 6 showed
that the inhibitory effect of DCMU concentration on the oxygen-
evolving activity of WR7Lα cyt b559mutant cells was the same as that
of wild-type cells. Therefore, there was no signiﬁcant mutation-
induced structural alteration of the DCMU binding in WR7Lα cyt b559
mutant cells.
On the other hand, our 77 K ﬂuorescence results, in Fig. 7, showed
that the energy transfer from phycobilisomes to the PSII reaction
center were partially inhibited or uncoupled in WR7Lα mutant cells.
Since DCMU-induced oxidative stress is generated from light-induced
charge recombination between radical pairs P680+Pheo- in the
reaction center, therefore, partially uncoupling the energy transfer
from the antenna to the reaction center inWR7Lαmutant cells would
dissipate a signiﬁcant amount of light energy in the antenna and thus
decrease possible damage to the PSII reaction center by herbicide-
induced photo-oxidative stress.
In addition, WR7Lα mutant cells showed a very distinct chlor-
ophyll a ﬂuorescence induction and recovery spectrum at 295 K,
compared to wild-type cells (see Fig. 1). The high F0 value and the
increase of the FM value during actinic light illumination can be
attributed to the increased ﬂuorescence emission from uncoupled
phycobilisomes in WR7Lα cyt b559mutant cells. Therefore, our 295 K
chlorophyll a ﬂuorescence results are consistent with our 77 K
ﬂuorescence results. This distinct pattern in the chlorophyll a
ﬂuorescence induction and recovery spectrum of WR7Lα mutant
cells could be a very useful index for identifying cyanobacterial
mutant cells with uncoupled phycobilisomes.
Moreover, previous studies have predicted possible docking sites
for the phycobilisomes on the PSII reaction centers [36–39]. ApcE
protein possibly acts as a linker protein attaching the phycobilisomes
to PSII, also referred to as “linker core membrane” LCM. ApcE proteins
may locatewithin one of the central allophycocyanin (APC) disks of the
base cylinders,whichmay interactwith the stromal surface of PSII [36–
39]. The proposed docking site for the APC core complex on PSII is in a
low protein density area between the CP43, D2 and cyt b559 [37]. The
α-subunit of cyt b559 is located within or near the predicted contact
sites for theAPC core complex. Therefore,wepropose that this Arg7Leu
mutation on the α-subunit of cyt b559may alter the interaction of the
APC core complex with the PSII reaction center and thus protect
mutant cells from DCMU-induced photo-oxidative stress.
Another possibility is that the cyt b559 in WR7Lα cyt b559mutant
cells might have greater protective capability under DCMU-induced
oxidative stress conditions than that in wild-type cells. However, our
results in Fig. 4 show that WR7Lα cyt b559 mutant cells were more
susceptible to photoinhibition than wild-type cells. Therefore, we
think that this possibility is less likely, although we cannot completely
rule it out at this stage.
A previous study using spectrophotometric redox titration
reported that oxygen-evolving wild-type PSII core complexes from
Synechocystis PCC6803 contain 45% HP form (Em=312 mV at pH
6.0) and 55% IP form (Em=212 mV at pH 6.0) [40]. The same study
also reported that Tris-washed wild-type PSII core complexes contain
5% HP form (EmN300mV at pH 6.0) and 95% IP form (Em=178mV at
pH 6.0); after reduction during the course of titration, Tris-washed
wild-type PSII core complexes contain 34% IP form (Em=235 mV at
pH 6.0) and 66% LP form (Em=51 mV at pH 6.0) [40]. Our four-step
titration results showed that oxygen-evolving wild-type PSII core
complexes contain 8% HP form, 78% IP form and 14% LP form of cyt
b559; Tris-washed wild-type PSII core complexes contain 11% HP
form, 59% IP form and 30% LP form of cyt b559 (see Figs. 9, 10 and
Table 2). Therefore, the variations between their results [40] and ours
are presumably due to the differences in redox titration methods and
experimental conditions [41]. In addition, another previous study
reported that they were unable to detect any HP form of cyt b559 on
thylakoid membranes and PSII enriched membranes isolated from
1187Y.-F. Chiu et al. / Biochimica et Biophysica Acta 1787 (2009) 1179–1188Synechocystis 6803 [42]. Their results suggested that the HP form of cyt
b559 in PSII membranes of Synechocystis 6803 is labile as compared to
other cyanobacteria and higher plants [42]. Furthermore, our results
showed that oxygen-evolving and Tris-washed wild-type PSII core
complexes contain comparable amounts of HP form (see Table 2). One
recent study reported that on Tris-washed spinach PSII membranes, IP
form of cyt b559 was converted into 60% LP and 33% HP forms by the
removal of oxygen [41]. We suspect that a similar process might
partially occur on Tris-washed Synechocystis 6803 PSII samples under
our experimental conditions. Moreover, our results show that WR7Lα
and R7Lα cyt b559mutant PSII core complexes (Fig. 8B and C) contain
more LP form (∼68% and 75%, respectively) of cyt b559 than oxygen-
evolving or Tris-washed wild-type PSII core complexes (∼14% and
30%, respectively). The redox forms of cyt b559 have been explained
by changes in the electrostatic environment and/or hydrogen bonding
to the heme that tune the Em of the heme [5–9,43,44]. Therefore, our
results suggest that the electrostatic environment and/or hydrogen
bonding to the heme of cyt b559 are very likely altered in WR7Lα and
R7Lα cyt b559 mutant PSII reaction centers.
Furthermore, we observed EPR signals for the high-spin form of cyt
b559 (gz=6.10; gy=5.88) in spectra of WR7Lα and R7Lα cyt b559
mutant PSII core complexes. These EPR signals of the high-spin form of
cyt b559were also observed in EPR spectra of H22Kαmutant PSII core
complexes (Chu et al., manuscript in preparation) and in PSII
membranes treated with 2,3-dichloro-5,6-dicyano-p-benzoquinone
(characterized with the g=6.19 and g=5.95 split signal) [35]. This
prior study [35] attributed these high-spin heme EPR signals to the
distortion of the axial symmetry of the molecular ﬁeld by the
displacement of one of its histidine axial ligands. It is generally believed
that the high-spin state (S=5/2) corresponds to a ﬁve-coordinate
complex of FeIIIPorL, which has a square pyramidal structure where the
Fe (III) ion is above the plane of the porphyrin ([35] and references
therein). Most six-coordinate octahedral FeIIIPorL2 complexes have low
spin (S=1/2) ([35] and references therein). Therefore, the EPR signal
for the high-spin form of cyt b559 (gz=6.10; gy=5.88) in spectra of
WR7Lα and R7Lα cyt b559 mutant PSII core complexes indicates the
displacement of one of the two axial histidine ligands to the hemeof cyt
b559 in a signiﬁcant fraction of their reaction centers. In the recent 2.9 Å
PSII crystal structuralmodel [4], the side chain of this Arg residue on the
α-subunit of cyt b559 is in close contact with one of the heme
propionates of cyt b559. Numerous studies have suggested that the
hemepropionates are not only simple electrostatic binding anchors, but
might also play an active role in regulating electron transfer and
biochemical properties of the heme ([45,46] and references therein).
Therefore, this Arg7Leu mutation on the α-subunit of cyt b559 is
expected to disrupt the electrostatic interaction between theα-subunit
of cyt b559 and the heme, and thus perturb the structure and electronic
properties of the heme in cyt b559.
Finally, our results show that the WR7Lα cyt b559 mutant
spontaneously occurred from and outgrew Synechocystis sp.
PCC6803 wild-type cells in BG-11 medium containing 5 mM Glu and
10 μM DCMU. Therefore, people should be aware of the effects of
DCMU-induced photo-oxidative stress while growing Synechocystis
sp. PCC6803 mutant cells under these conditions.
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